ABSTRACT This paper proposes a novel input power factor control method based on a concept of virtual capacitors to provide unity input power factor for three-phase matrix rectifiers. The proposed algorithm introduces, at the input terminal of the matrix rectifier, an imaginary input capacitor generated by modifying a reference vector of the space vector modulation method. The virtual input capacitor, which is fictitiously built in parallel with an input LC filter, successfully compensates for the leading power factor of the LC filter of the matrix rectifier. Thus, the proposed method yields a unity power factor operation despite the presence of the LC filter of the three-phase matrix rectifier. In addition, under a condition when the unity power factor operation cannot be realized, the proposed algorithm adjusts a virtual capacitance to obtain a maximum achievable power factor operation. Because the proposed technique yields the input power factor control by introducing the virtual capacitor and adjusting a reference space vector, the proposed algorithm can be easily incorporated with conventional space vector modulation algorithms for the three-phase matrix rectifiers. Thus, the proposed method can control input power factor without employing proportionalintegral controllers used in conventional power factor control methods for the matrix rectifiers, leading to simple control structure and straightforward tuning process for power factor control.
I. INTRODUCTION
Recently, research on ac-to-dc power converters for energy storage devices such as batteries have increased with the increasing penetration of renewable energy systems into electrical grids [1] - [4] . Voltage source converters (VSCs) have been mainly used for charging batteries from grid systems, due to the unity power factor operation, sinusoidal source currents with high quality, and bidirectional power flow capability [5] . Because of the boosting characteristics of the VSC, an additional dc to dc converter is in general required to charge batteries having a rated voltage less than a peak voltage value of ac grids, yielding a two-stage power conversion structure with the VSC and the dc to dc converter [6] . On the other hand, ac to dc matrix rectifiers characterized by a current source converter, derived from well-known ac-toac matrix converters, are featured as a buck-type converter, which produces the dc output voltage lower than the peak value of ac source voltages [7] - [10] . As a result, the matrix rectifier can directly link the ac source to the battery charging systems with no employment of additional dc-to-dc converters, which can lead to a single-stage power conversion. Furthermore, the matrix rectifiers generate sinusoidal source currents as well as bidirectional power flow ability [11] .
The most popular modulation algorithm for the matrix rectifier is the space vector modulation (SVM) method to synthesize sinusoidal source currents [11] , [12] . On the other hand, the matrix rectifier is equipped with an LC filter on its input terminal for the purpose of commutations of switching devices and harmonic filtering, similar to current source converters. However, currents flowing through the input capacitor of the LC filter yield a phase difference between the source voltage and the source current, resulting in a reduced input power factor. Thus, several researches for the matrix rectifiers and the current source converters have been conducted to control the input power factor to unity or a maximum achievable power factor (MAPF) by compensating the effects of the input capacitor currents on the phase difference [13] - [16] . The techniques to control the input power factor of the matrix rectifier operated by the SVM algorithm were mostly developed by changing modulation index and delay angle using proportional-integral (PI) controllers assigned to adjust the modulation index control and the delay angle control [13] , [14] , [15] . In [16] , the power factor control method based on a platform of the model predictive direct power control method was developed to adjust the input power factor. Although this method successfully improved the input power factor, the model predictive control method is exposed to a disadvantage of varying switching frequency, different from the SVM based method. Thus, most of power factor control approaches for the matrix rectifiers with the SVM are based on PI controllers, which are exposed to difficult tuning processes for power factor control.
This paper proposes a novel input power factor control method based on the concept of virtual capacitance, to provide unity input power factor for three-phase matrix rectifiers operated by the SVM method. The proposed algorithm introduces, at the input terminal of the matrix rectifier, an imaginary input capacitor generated by modifying a reference vector of the SVM method. The virtual input capacitor, which is fictitiously built in parallel with an input LC filter, successfully compensates for the leading power factor of the LC filter of the matrix rectifier. Thus, the proposed method yields a unity power factor operation despite the presence of the LC filter of the three-phase matrix rectifier. In addition, under conditions when the unity power factor operation cannot be realized at light loads, the proposed algorithm adjusts a virtual capacitance to obtain a MAPF operation. Therefore, the unity power factor or the MAPF operation can be accomplished under the given conditions. Because the proposed technique yields the input power factor control by introducing the virtual capacitor and adjusting a reference space vector, the proposed algorithm can be easily incorporated with conventional SVM algorithms for the three-phase matrix rectifiers. Thus, the proposed method can control input power factor without employing PI controllers used in conventional power factor control methods for matrix rectifiers, leading to simple control structure and straightforward tuning process for power factor control. The effectiveness of the proposed input power factor control technique is verified by simulations and experiments. Fig. 1 shows a topology of the matrix rectifier, where v sa , i sa , and i wa represent a-phase source voltage, a-phase source current, and a-phase converter input current, respectively. In addition, L f denotes the input inductor, and C f is the input capacitor in the input LC filter of the matrix rectifier. Furthermore, L o and C o symbolize the output inductor and the output capacitor, respectively. I dc signifies the dc current of the output LC filter, I load denotes the dc load current, and V load is the dc load voltage. The six bidirectional switches of the matrix rectifier are represented by S pa , S pb , S pc , S na , S nb , and S nc .
II. MATRIX RECTIFIER AND SPACE VECTOR MODULATION
The input LC filter is installed at the input terminals of the matrix rectifier to remove harmonics of the converter input currents and generate sinusoidal source currents. However, this LC filter makes the phase difference between the source voltage and the source current, due to input capacitor currents, which deviates the input power factor from unity. A per-phase equivalent circuit of the input part of the matrix rectifier is shown by Fig. 2 (a) . As seen in Fig. 2 , v Lf is the voltage across the input inductor and v Cf denotes the voltage across the input capacitor. i Cf is the current flowing through the input capacitor. Fig. 2 (b) is a vector diagram showing the relationship between the voltage and the current at the fundamental frequency in Fig. 2 (a) . As shown in Fig. 2 (b) , due to the input capacitor current i Cf , the input power factor angle between the source voltage and the source current, denoted by δ occurs. A vector diagram in a case when the matrix rectifier operates at unity power factor, by nullifying the phase difference δ, is shown in Fig. 2 (c) , in which φ, called a delay angle, is the angle between the input voltage and the converter input current. By comparing Fig. 2 (b) and (c), it can be seen that the delay angle and the magnitude of the converter input current obtained from Fig. 2 (c) are increased compared with those from Fig. 2 (b) . The increments lead to unity power factor by making the input power factor angle δ zero, with the output voltage regulated. This relationship can be confirmed by (1) .
(1)
where m i , I w1 , and V s denote the modulation index, the peak value of the fundamental component of i w , and the peak value of the source voltage, respectively. From the vector diagrams of Figs. 2 (b) and (c), it can be seen that the delay angle φ should be increased to improve the input power factor. In addition, from (1), to keep the constant load voltage, it can be known that the decrease of cos φ due to the increase of the delay angle φ should be compensated by the increase of the modulation index, which leads to increased converter input current as shown in (2) . As a result, the increased converter input current and the delay angle are required for the unity power factor operation in the matrix rectifier. The SVM method is the most common method for controlling the matrix rectifier. Six active vectors and two zero vectors, which can be synthesized by switching states of the matrix rectifier, are summarized in Table 1 . In the SVM method, two active vectors and one zero vector, depending on a location of a reference vector, are used during a sampling period to generate a reference vector of the converter input current. 
III. PROPOSED METHOD A. VIRTUAL CAPACITOR-BASED POWER FACTOR CONTROL ALGORITHM
The current flowing into the input capacitor results in the source current out of phase with the source voltage, yielding a nonunity input power factor as shown in Fig. 2 (b) . As a result, injecting a proper compensation current compensating for the input capacitor current i Cf can improve the input power factor, leading to either unity input power factor, if possible, or maximum achievable power factor, in cases where unity power factor operation is not possible. Thus, a novel input power factor control algorithm based on a concept of a virtual capacitor is developed in this study. In the proposed method, the matrix rectifier generates an imaginary compensation current through a virtual capacitor, which is fictitiously set up in parallel with the input capacitor C f . The resultant compensation current of the virtual capacitor can eliminate the phase difference between the source voltage and the source current, leading to input power factor improvement, despite the existence of input capacitors. Because the matrix rectifier can effectively eliminate the input capacitor current by generating the extra current with the opposite polarity with the input capacitor current, the additional current component of the matrix rectifier can be obtained using the input capacitor voltage and the negative value of the input capacitance. As a result, the capacitance of the virtual capacitor has the opposite polarity of the input capacitance as well as the extra current component of the rectifier for the input power factor adjustment has the opposite polarity of the input capacitor current. Fig. 4 shows an equivalent circuit of the matrix rectifier operating with the proposed power factor control method based on the virtual capacitor. Because the virtual capacitor is fictitiously placed in parallel with the input capacitor C f , the current flowing through the virtual capacitor i Cv is given by
where C v is the capacitance of the virtual capacitor. The derivative of the voltage across the input capacitor v Cf of (3) can be expressed as
where v Cf (k) and v Cf (k − 1) represent the capacitor voltage at the k th and (k − 1) th sampling instants, respectively. It is desirable to filter out the harmonic components contained in the capacitor voltage v Cf in the process of injecting the virtual capacitor current in (3) and (4), because only fundamental components are involved in the power factor control process. Because it is not easy to filter out harmonics and extract only fundamental 60 Hz components without harmonic components in general, a harmonic elimination technique using the dq transformation is used to remove the harmonics of the capacitor voltage. In the dq frame, dc components, which are the fundamental component in the abc frame, can be easily obtained by a low-pass filter (LPF). The harmonic elimination technique using the dq conversion is as follows. First, the result of abc-to-dq conversion of the measured three-phase capacitor voltage is passed through the LPF with a low cut-off frequency. Here, the dc value obtained by passing through the LPF is the fundamental frequency component. Then, dq-to-αβ conversion is performed using the output value of the LPF. From the fundamental frequency component of the input capacitor voltage and (3), the currents i Cvα and i Cvβ without harmonic contaminations that flow through the virtual capacitor in the αβ axis can be obtained. The virtual capacitor current for the input power factor adjustment is added to a reference current vector for the SVM method. Thus, a new reference current vector i * wnew for the SVM block in the proposed method includes a reference current component i * w for the output current control and a virtual capacitor current component i Cv for the input power factor control. Here, the output current control component i * w is calculated by using the modulation index m i , dc output current I dc , and phase angle of the input voltage θ . The threephase reference current is expressed by (5) . The subscripts a, b, and c in (5) symbolize a-phase, b-phase, and c-phase respectively.
In (5), the modulation index m i is obtained by the output of the PI controller for output current control and I dc is achieved by the measurement of the dc output current. The reference currents for the output current control, i * wα and i * wβ , in the αβ axis can be obtained by abc-to-αβ transformation by using (6) . The output current control component and the virtual capacitor current component are added to obtain the new reference current vector as shown in (7).
Since the modulation Index and the phase angle are required to control the rectifier using the SVM method, a modulation index m inew and a phase angle θ new from the new reference current vector i * wnew are calculated as follows.
Fig . 5 shows the overall block diagram of the proposed power factor control method based on the virtual capacitor. From Fig. 5 , it is known that the proposed algorithm uses a straightforward tuning process of input power factor control for the matrix rectifier, without the complicated tuning process of PI controllers, leading to a simple power factor adjustment algorithm.
B. MAXIMUM ACHIEVABLE POWER FACTOR
As shown in Figs. 2 (b) and (c), the matrix rectifier adjusts the input power factor by increasing the converter input current and the delay angle. However, as can be seen from (1) and (2), under conditions of light load with small I dc , the converter input current and the delay angle cannot be increased enough to achieve unity power factor, because the modulation index is limited to be less than one and the output voltage should be kept constant. As a result, in cases that the matrix converter operates at light loads, it can only work at the maximum achievable power factor (MAPF), instead of at unity power factor. Operation conditions depending on the maximum value of the virtual capacitance and the corresponding MAPF are investigated in this subsection.
From Fig. 4 , the source current and the input power factor of the matrix rectifier can be derived using the virtual capacitance as follows:
cos(δ) = cos(tan
From (11), it can be seen that unity power factor can be obtained when the virtual capacitance generated by the matrix rectifier nullifies the input capacitance. However, at light loads, the matrix rectifier cannot generate additional input currents enough to emulate the virtual capacitance canceling the input capacitance, leading to MAPF conditions instead of unity power factor operations.
Let us notate the maximum value of the virtual capacitance that can be generated by the matrix rectifier under a given circuit and load condition by C vmax . In cases when the maximum virtual capacitance C vmax is bigger than the input capacitance C f , the matrix rectifier can operate at unity power factor. In contrast, when C vmax is smaller than C f , the MAPF operation should be obtained, rather than the unity power factor operation. Since the new modulation index m inew increases as the magnitude of the capacitance of the virtual capacitor increases as seen from (3), (7), and (8), the virtual capacitance reaches a maximum value when m inew becomes one.
From Fig. 4 , the new converter input current vector i wnew that includes the virtual capacitor current vector can be calculated as follows:
. (12) The condition to achieve the maximum virtual capacitance can be determined from (12) and with m inew = 1 and leads to (13) .
Solving (13) yields the maximum value of the virtual capacitance obtained by the matrix rectifier as follows.
where
It should be noted that a negative value between two roots obtained by (14) becomes C vmax , because the virtual capacitance should be negative to reduce or cancel an effect of the input capacitance C f . If the magnitude of C vmax obtained by (14) is equal to or larger than the input capacitance C f , the matrix rectifier can operate at unity input power factor, by setting C v = −C f . On the other hand, when the absolute value of the maximum virtual capacitance obtained using (14) is smaller than C f , the matrix rectifier works at the MAPF, by using C v = C vmax in the controller. Thus, the input power factor obtained by the proposed algorithm is given, according to the relationship between the input capacitance and the maximum virtual capacitance, by Input power factor
Fig . 6 shows the input power factor of the matrix rectifier obtained by the proposed method versus output power P o , which is expressed by (16) . In addition, the input power factor achieved by the conventional method is also depicted in Fig. 6 for a purpose of comparison. Fig. 6 was obtained by (11) , (14) , and (15) and parameters used in Table 2 . It can be seen from Fig. 6 that the proposed power factor control method based on the virtual capacitor, given the constraints, can result in unity power factor for the matrix rectifier with output power higher than 1.1 kW. On the other hand, on light load condition with output power less than 1.1 kW, the matrix rectifier operated by the proposed method yields the input power factor less than unity, as shown in Fig. 6 . It is also confirmed from Fig. 6 that the input power factor obtained by the proposed method is much better than that of the conventional SVM method, for all load power ranges. Fig. 7 shows the plots of the input power factor as a function of output power with several values of the input filters, which are obtained by using (14) and (15), using the parameters in Table 2 . Fig. 7 (a) shows the input power factor versus output power P o with three input capacitances. From Fig. 7 (a) , it is seen that with a fixed C f , the matrix rectifier operates at MAPF at light loads with small P o , instead of at unity power factor. In addition, as the input capacitance is decreased, the unity power factor is obtained with a lower output power, because the virtual capacitor current generated by the matrix rectifier, which should compensate for the current flowing through C f , is reduced. Fig. 7 (b) shows the input power factor as a function P o with three input inductances. From Fig. 7 (b) , it can be seen that the input power factor of the matrix rectifier is not affected by the input inductance.
IV. SIMULATION RESULTS
To verify the performance of the proposed method, simulations with parameters in Table 2 were performed, where the reference output current in simulations is 20 A. Fig. 8 shows the simulation results of the conventional SVM method and the proposed method with the reference output current equal to 20 A. From Fig. 8 (a) , in the matrix rectifier control by the conventional SVM method, the phase difference between the input source voltage and the input source current occurs due to the current flowing through the input capacitor. However, in the proposed method, as shown in Fig. 8 (b) , the input power factor of the matrix rectifier is adjusted to unity, because the additional rectifier input current, which is the virtual capacitor current in the proposed algorithm, compensates for the input capacitor current. Fig. 9 illustrates the simulation waveforms of the dc current in front of the output LC filter, the dc load voltage, and the dc load current from the conventional and the proposed methods. From Fig. 9 , it can be known that the dc currents in the output LC filter generated by both the methods follow the reference value accurately. As a result, the dc load current passing through the output LC filter is controlled to be almost constant as shown. On the other hand, the ripples of the dc current I dc obtained by the proposed method is smaller than those of the conventional method. This is because the ripple of the input current of the output LC filter of the matrix rectifier is proportional to the dwelling time of the zero-vector due VOLUME 7, 2019 to the buck-type structure of the matrix rectifier, where the relationship between the fluctuation of the dc current of the output LC filter and the dwelling time of the zero-vector is expressed by [17] and [18] 
In the proposed method, the virtual capacitor current generated by the matrix rectifier for power factor control is added to the reference current for the SVM block, increasing the modulation index. This increased modulation index shortens the dwelling time of the zero-vector in the sampling period, in turn reducing the fluctuation of the dc current I dc . From Fig. 8 and Fig. 9 , it is seen that the proposed method generates the same load current and voltage as the conventional SVM method to deliver the same load power, whereas the magnitude of the source current of the proposed method is reduced in comparison with that of the conventional method due to the improved power factor. . 10 shows the simulation results of a-phase source current and a-phase source voltage at light load with the dc output current I dc = 6 A, where the output power is 0.72 kW. As shown by the red line of Fig. 6 , the load condition with the output power 0.72 kW corresponds to the MAPF operation, where the matrix rectifier cannot provide the unity power factor operation. For the MAPF operation, the maximum virtual capacitance for the proposed method is calculated by using (14) . As shown in Fig. 10 (b) obtained from the proposed MAPF operation, although they are not in phase, the phase difference between the source voltage and the source current is greatly reduced in comparison with the conventional method shown in Fig. 10 (a) . In addition, the source current produced by the proposed method is substantially decreased because of the improved input power factor, which can yield reduced conduction losses and higher efficiency, compared with the current in the conventional method. It should be noted that the proposed input power factor control method adjusts only the fundamental current component to shift the input power factor angle, whereas harmonic current components remain intact, resulting in less sinusoidal source current waveform due to the reduced fundamental component. Fig. 10 illustrates that the proposed method works well under the MAPF operating conditions. 
V. EXPERIMENT RESULTS
A prototype of the matrix rectifier was built in a laboratory with six bidirectional switches composed of insulated-gate bipolar transistor (IGBT) modules (SK80GM063) to verify the performance of the proposed power factor control method based on virtual capacitance. A Texas Instrument digital signal processor (DSP) board (TI TMS320F28335) was used to realize the SVM and the virtual capacitor-based power factor control scheme. Fig. 11 shows the prototype experiment setup. The parameters used in the experiment were the same as Table 2 , except that the magnitude of the source voltage and the load resistance was 100 V and 18.5 respectively. the conventional method, the proposed power factor control algorithm can generate the source current in phase with the source voltage, leading to unity power factor operation. As a result, the input power factor increases from 0.88 to 0.99 after applying the proposed algorithm. In addition, it can be seen from Fig. 12 that the magnitude of the source current of the proposed method is lower than that of the conventional method. Furthermore, it can be known that ripples of the dc current I dc of the proposed method are reduced in comparison with the conventional method. Fig. 13 shows the experimental waveforms of the a-phase source voltage and the three-phase source currents obtained by the conventional SVM method and the proposed method. Fig. 14 represents the experimental waveforms of the load current and the load voltage obtained by the conventional SVM method and the proposed method, where both the methods well regulate load current and voltage. Fig. 15 represents the experiment waveforms of the a-phase source current and the a-phase source voltage at light load with the low dc output current I dc = 2 A, which corresponds to the MAPF operation. Also, the detailed power factors were experimentally measured from the matrix rectifier operated by the conventional and the proposed method at light load, as shown in Fig. 15 . The maximum virtual capacitance for the proposed method calculated by using (14) was used in the proposed method for the MAPF operation. The input power factor of the matrix rectifier with light load, obtained by the conventional and the proposed method, was 0.30 and 0.86, respectively. It is clearly seen from Fig. 15 that the measured input power factor of the rectifier controlled by the proposed method was increased to 0.86, whereas the power factor obtained by the conventional method was only 0.30. This is because the proposed method generates reduced phase angle between the source voltage and current in comparison with the conventional method, as shown the experimental waveforms in Fig. 15 . As a consequence of the improved power factor, the source current of the rectifier operated by the proposed method contains much lower fundamental component and similar harmonic components than that by the conventional method. Thus, the proposed method can yield the input power factor better than the conventional method, although the source current waveform with decreased magnitude of the proposed method looks more distorted than that of the conventional method. It is seen that the source current produced by the proposed method has lower magnitude and has smaller phase difference with the source voltage than the conventional method. The decreased amplitude of the source current by the proposed power factor control algorithm can lead to reduced losses in power lines and improve efficiency. Fig. 16 shows experiment results of frequency spectrum of a-phase source current obtained by the proposed method under both unity power factor condition and the MAPF condition at light load. As shown in Fig. 16 (a) , the matrix rectifier operated by the proposed method leads to low total harmonic distortion (THD) under unity power factor condition. On the other hands, under the MAPF condition at light load, the THD value of the source current is increased, mostly due to reduced fundamental component of the source current associated with reduced phase angle between the source voltage and current, which resulted from input power factor improvement of the proposed method. to 25 , obtained by the conventional SVM method and the proposed method. It is seen that the magnitude of the source current obtained by the proposed method is lower than that of the conventional method due to the input power factor improvement.
VI. CONCLUSION
This paper proposed a novel input power factor control method based on the concept of virtual capacitance, to provide unity input power factor for three-phase matrix rectifiers. The virtual input capacitor, which is fictitiously built in parallel with an input LC filter, successfully compensates for the leading power factor of the LC filter of the matrix rectifier. Thus, the proposed method yielded a unity power factor operation despite the presence of the LC filter of the threephase matrix rectifier. In addition, under conditions when the unity power factor operation cannot be realized at light loads, the proposed algorithm adjusts a virtual capacitance to obtain a MAPF operation. Therefore, the unity power factor or the MAPF operation can be accomplished depending on the given conditions. Because the proposed technique yields the input power factor control by introducing the virtual capacitor and adjusting a reference space vector, the proposed algorithm can be easily incorporated with conventional SVM algorithms for the three-phase matrix rectifiers. Thus, the proposed method can control input power factor without employing PI controllers used in conventional power factor control methods for the matrix rectifiers, leading to simple control structure and straightforward tuning process for power factor control. The effectiveness of the proposed input power factor control technique was verified by simulations and experiments.
